Pulsating jets are very common and sometimes useful in industrial fields, due to some differences in basic characteristics from steady jets. In this research, the authors focus upon the mechanism of the frequency effect on a finite-amplitude pulsating jet. Experiments are conducted at a Reynolds number of 5,000, Strouhal numbers of 0.13, 0.20 and 0.27, and a velocity-amplitude ratio of 0.5. Using olive-oil smoke, the authors visualise the flow from a nozzle exit with a circular cross section, and get quantitative information by a PIV technique. As a result, the authors have succeeded in defining the locations of main and subsidiary ring vortices. And, the authors have revealed the vortices' convection manners at three frequencies. Besides, the instantaneous measurements on entraining flow with a conditional-sampling technique have shown the complexity of the frequency effect, which is affected by two factors in a trade-off relation.
Introduction
Various types of forced pulsations or forced perturbations into jet flow are other potential methods for the mixing/diffusion enhancements (for example, see Fredler (1) and Toyoda (2) ). However, basic characteristics of the pulsating jet have not yet been clear, having some remarkable differences from the well-researched steady jet (for example, see Rajaratnam (3) ) such as larger flow rate and faster velocity decay. So, we have been requiring more precise knowledge of the pulsating jet, for smarter flow controls which are useful for such industrial applications as chemical reactors, heat exchangers, combustors and air conditioners to develop their efficiency. Until now, there have been some studies on the pulsating jet (see ref. (4) ). Recently, the authors have systematically conducted a series of experiments concerning both the frequency effect (the Strouhal number St effect) and the amplitude effect (velocity-amplitude ratio α effect) for large-amplitude pulsations upon a circular jet, and found out the optimum St. Specifically speaking, at a certain α (≳ 0.1), the total flow rate in the downstream of a nozzle exit attains the maximum at St ≈ 0.2, which is referred to as the optimum St. The optimum St gradually decreases from 0.3 to 0.1, with increasing α. Incidentally, at large α, such a local quantity as turbulence intensity is not appropriate as an
indicator to represent the pulsation responses. Most of past studies are related with small pulsation amplitudes, because their interests are entirely devoted to "the preferred modes" on the steady jet without forced pulsations. On the other hand, in many practical aspects, we have needed more precise and comprehensive information especially for the jet with larger Vol. 4, No. 3, 2009 pulsation amplitudes.
In this research, we consider the St effect upon the jet with larger pulsation amplitudes. In order to reveal the enhancement mechanism at the optimum St, we try to observe the instantaneous entrainment flow rate, by flow visualisations using smoke and by a timely-consecutive particle-image-velocimetry (PIV) technique using a high-speed video camera. Concretely speaking, main experiments are conducted at a Reynolds number Re of 5.0×10 3 , Strouhal numbers St's of 0.13, 0.20 and 0.27 and a velocity-amplitude ratio α of 0.5, regarding the relative location, the convection manner and the flow structure of ring vortices, together with the radial and axial profiles of instantaneous increasing rate on entrainment flow rate.
Complementally, we should take care of choosing the value of α where all the present experiments are conducted, because the concerning flow can be much modified depending upon the value of α at large α. Note that, the large-amplitude condition is effective for clearer observations of the coherent flow structures of the jet which ensure precise measurements especially of the entrainment flow rate by PIV (as shown later), as well as the condition's practical importance for such applications as dust collectors, reciprocating-engine exhausts and bellows. So, α is fixed to 0.5 through all the experiments.
The total flow is often important in various industrial aspects. However, in small-amplitude conditions, turbulence intensity is suitable as an indicator rather than the total flow rate, because the total flow rate is not sensitive (see ref. (4) ). Of course, it is useful to discuss the consistency between small-amplitude and large-amplitude results. We can expect some qualitative similarities between those results, considering ref. (4) On the other hand, the present study will show the difference between those results in the convection speeds of ring vortices, with which we will deal elsewhere. Figure 1 shows the present model, namely, a pulsating jet immersed into an open-space and stationary fluid from a straight-pipe nozzle with a circular cross section. Figure 1 also shows the present coordinate system, as well as important physical parameters. The coordinate's origin O is at the nozzle exit. The coordinate system is a cylindrical one with a streamwise component x, a radial component r and an azimuthal component θ. And, d (= 3.0×10 -2 m) and e (= 2.0×10 -3 m) represent the inner diameter and the thickness of the nozzle, respectively. Flow velocity vector v at an arbitrary location is a function of x, r, θ and t, where t is time. U denotes the flow velocity on the centre axis, then, is a function of x and t alone. A subscript "0" denotes the location of the nozzle exit. So, U 0 is a function of t alone. We define u as |v|. Supposing the axisymmetry of time-mean flow field, u is a function of x and r alone, where a superscript "¯" denotes time-mean. The half width b on radial velocity profiles is defined as the radius where 2 U u = .
Control parameters
In order to define the control parameters, Fig. 2 shows a typical wave form of a pulsating-jet velocity U 0 at the centre of the nozzle exit. Here, a fine solid line denotes a sinusoidal as a reference. We had tried to generate pulsations as sinusoidal as possible. However, raw data involve small, random and high-frequency fluctuations, together with distortions (or higher harmonics). In general, the random high-frequency fluctuations become relatively negligible at larger pulsation amplitudes, while the distortions diminish at smaller pulsation amplitudes (see ref. (4) ).
As control parameters of the present pulsating jet, we consider the following three;
namely, Reynolds number Re, Strouhal number St and velocity-amplitude ratio α. Their definitions are as follows.
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Here, ( ) ave. 0 u denotes the spatially-averaged value of the time-mean velocity at the nozzle exit, namely, ( )
. Q is the time-mean total flow rate through a cross section at an arbitrary location x, and 0 Q is the time-mean flow rate from the nozzle. A subscript "ave." denotes spatially-averaged. And, f and U 0amp. denote the dominant frequency and the nozzle-exit-centre velocity amplitude of the jet pulsation, respectively. U 0amp. is defined by We consider the streamwise increasing rate on instantaneous entrainment flow rate Q r , namely, radial volume flux (5) is defined as follows.
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where, Q r represents the volume which is entrained par a unit time from the ambient by the jet. Note that dQ r /dx is a function of x, r and t. The minus sign on the right side of Eq. (5) is followed by such a definition as the entrainment from the ambient into the jet is positive.
Experimental apparatus
Now, we summarise the present experimental apparatus. Air is driven by a blower. And, through a straight pipe, air is issued out of a circular-cross-section nozzle into stationary open space with a fully-developed turbulent velocity profile. We make the jet pulsative, by means of a rotating slotted disk placed at the upstream of the pipe, controlling two valves and a bypass (see ref.
(4) for details). Using a hot-wire anemometry with an I-type probe, we obtain the time-mean total flow rate Q at several locations downward the nozzle exit. Here, Q is calculated by the integration of a time-mean velocity profile in the radial direction.
As shown in Fig. 3 , using flow visualisation and a PIV technique, we observe flow structures. Specifically speaking, two kinds of tracer smokes with different thicknesses are produced by heating olive oil and ethylene-glycol, respectively. The former is distributed in the open space around the nozzle in advance. The latter is introduced at the blower, and is ejected with air from the nozzle (1). Such smokes are lightened up by a sheet-like beam with a thickness of 1mm from a laser device (2) and (3). We record the flow visualised by the smoke using a high-speed video camera (4), and analyse it using a PIV technique on a PC (5). As will be confirmed later from the observations in a streamwise view, the flow near the nozzle exit is governed by axisymmetric coherent structures. Namely, vortical structures shown in Figs. 5 and 6 are sections of ring-like coherent structures (hereafter, referenced to as ring vortices). However, far from the nozzle exit, flow becomes less axisymmetric owing to the collapses of the ring vortices, as shown in Fig. 5 .
Results and Discussion

Optimum jet pulsation for mixing
Even at the other St's (= 0.13 and 0.20), the observed whole flows are similar: featured by (1) the formation of axisymmetric ring vortices near the nozzle exit, (2) the leeward convection of the ring vortices, and (3) the breakdown of the ring vortices toward fully-turbulent flow in further downstream.
From now on, considering the axisymmetry of flow field, we focus upon the upper half of Fig. 6 . Figure 7 shows the minimum vorticity at each x/d, which is obtained from Fig. 6 . We can confirm that the locations where the fluid volumes with very-low vorticity concentrate in Fig. 6 almost coincide with the locations where the minimum vorticity at each x/d attains the minimum in Fig. 7 . Here, the locations in Fig. 7 are marked as M 1 , M 2 and S 1 . Therefore, it seems appropriate to define such locations as ring-vortex centres.
In the present study, we classify the ring vortices into two kinds. One is the main ring vortex, marked as M i , and the other is the subsidiary ring vortex, marked as S i , where i denotes integer. The main ring vortex directly corresponds with the forced jet pulsation, and the subsidiary one is otherwise. The magnitude of the main-ring-vortex vorticity increases with increasing x/d, while that of the subsidiary-ring-vorticity is almost constant with rather low value during its leeward convection. Besides, in some cases, the subsidiary ring vortices are taken into the main one after their convections, as will be mentioned below.
It is difficult to determine of which kind a ring vortex is, from a spatially instantaneous distribution of vorticity at one instant, such as Figs. 5 and 6. As will be shown later, we can determine the ring-vortex kind using timely-consecutive observations of the vorticity distributions and visualised photos. 
(1)
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Convection of ring vortices
Because we have successfully defined the ring-vortex location, the quantitative discussion with the ring-vortex convection becomes possible. figure (a) is drawn by the data in one pulsation period later, due to the difficulty on accurate measurements in present pulsation period.
At first, we consider figure (b), as an example. We can find that the convection speeds of the main ring vortices are faster than those of the subsidiary ring vortices. Then, the main ring vortices possibly catch up with the subsidiary ones at x/d ≈ 3.0. After the catch-up, we can observe only one ring vortex convecting downstream. Here, a possible interpretation is the disappearance of the subsidiary ring vortex, or the absorption of the subsidiary ring vortex by the main ring vortex. Because the vorticity of the main ring vortex is much lower than that of the subsidiary ring vortex near the catch-up location. Specifically speaking, the vorticity of the main ring vortex is intensified during its convection from the nozzle exit. On the other hand, the vorticity of the subsidiary ring vortex remains constant during its leeward convection. At St = 0.13 (in figure (a) ) and 0.27 (in figure (c) ), we can observe the above features as well as St = 0.20. One exception is that there exists no clear catch-up at St = 0.13 in the tested range of x/d ( ≤ 5), because it becomes difficult to specify the catch-up location due to subsidiary-ring-vortex breakdowns. In addition, at St = 0.13, we can see two subsidiary ring vortices between two successive main ring vortices. At St = 0.27, the catch-up location is at x/d ≈ 1.5, which is closer to the nozzle exit than that at St = 0.20. Incidentally, these features can be confirmed in conventional flow visualisations (see later).
In Fig. 9 , we summarise the results for various St. Note that we neglect both the data near the catch-up locations and the data at small x/d, because of their poor accuracies. We can see that the convection speed U c of both the main and subsidiary ring vortices decrease in the increase of St. At all St's, U c ≳ 0.6 0 U for the main ring vortices, while U c ≲ 0.6 0 U for the subsidiary ring vortices. At St = 0.13, plural subsidiary ring vortices are formed and convect, during one pulsation period. Some of them convect with much slower speeds.
Incidentally, in Fig. 9 (9) (St = 0 in the figure), which is for the no-pulsation case. If we consider the average value (denoted by open diamonds in the figure) of the main and subsidiary ring vortices, we find that all of the averaged U c almost coincide with 0.6 0 U . Figure 10 shows the convergent locations where the main ring vortex catches up the subsidiary ring vortex, plotted against St. The result at St = 0.13 is omitted, because the corresponding convergent location is not clear. As St increases, reduced convergent location x/d decreases. Incidentally, Fig. 10 shows the coalescence location by Petersen (1978) (6) , for reference. We find that the coalescence location is always in some downstream of the convergent location. 
Conventional flow visualisation (side view)
Figures 11 and 12 show the side view of conventionally-visualised flow by smoke at St = 0.13 and 0.20, respectively. Eight photos are shown during one pulsation period, and the intervals between adjacent two photos are the same as a 1/8 period of the pulsation. The time t in the figure corresponds to that in Fig. 2 , as well. Incidentally, the result at St = 0.27 has the same features as that at St = 0.20. On the other hand, the result at St = 0.13 has some different features such as the existence of two subsidiary ring vortices between two successive main ring vortices (will be shown below).
First, we consider Fig. 11 . At t = 0, the instantaneous flow rate Q 0 is equal to the time-mean value 0 Q . We can see two subsidiary ring vortices S 1 and S 2 , which are formed in the former pulsation period. As time goes on, both S 1 and S 2 convect leeward, breaking down their clear configurations. At t = 3T/8, Q 0 approximately attains the maximum. At this time, we can see a constriction of the jet at x/d ≈ 2.0. From Fig. 8 , the constriction is considered to be related with the formation of a main ring vortex M 1 . At t = 4T/8, M 1 is developing, convecting downstream. At t ≥ 5T/8, M 1 continues to convect downstream, and new subsidiary ring vortices S 3 and S 4 are formed. At this time, it is difficult to identify S 1 and S 2 formed in the former pulsation period, owing to their breakdowns.
Next, we consider Figure (a) shows a sample photo of the instantaneous side view. Tracer smoke is introduced only from the nozzle, and we visualise the plane on the nozzle centre axis by a sheet-like laser beam. As shown in this figure, it is considered that the local flow field strongly depends upon x/d, as well as time t. Hereafter, we will investigate the local flow fields at some values of x/d. Figure (b) shows an example of the instantaneous streamwise view visualised on a cross-streamwise section at x/d = 2.0 in the same condition as figure (a) . Strictly speaking, figure (b) is obtained using another smoke introduced around the ambient, together with the smoke from the nozzle. By this technique, we can successfully get velocity vectors almost everywhere as well as Fig. 6 , and quantitatively define the instantaneous magnitude of flow entrainment. Figure 14 is a sample PIV's result corresponding to a pair of consecutive streamwise view such as Fig. 13(b) , where velocity vectors are shown. We can see that the flow can approximate to axisymmetric.
Hereafter, we use a local time t 
Increasing rate dQ r /dx
The increasing rate dQ r /dx on the instantaneous entrainment flow rate defined by Eq. (5) is more suitable for the discussion on time/space variations of the flow than global and integral quantities such as time-mean total flow rate Q and entrainment flow rate Q r , if measurements are precise. In the present study, we obtain dQ r /dx as the circle integration of the radial components v r of velocity vectors such as Thus, we define the amplitude of dQ r /dx by min. max.
where (dQ r /dx) max. and (dQ r /dx) min. denote the maximum value of the maximum dQ r /dx and the minimum value of the minimum dQ r /dx during a period of t x/d = 0 -7T/8, respectively. The amplitude at x/d = 2.0 (in figure (b) ) seems larger than those at x/d = 0.5 and 3.0 (in figures (a) and (c)). We will discuss such amplitude features in the following, using other results for various St and x/d together with Fig. 15 . 
Locations for maximum/minimum dQ r /dx
At St = 0.13 and 0.27, as well as Fig. 15 at St = 0.20, instantaneous dQ r /dx shows a peak or a trough at a certain location r/d, which depends upon t x/d for each x/d. Then, we are needed to introduce (dQ r /dx) max. , (dQ r /dx) min. and the amplitude of dQ r /dx, which are defined above.
For all the results at St = 0.13, 0.20 and 0.27, the local time t x/d corresponding to (dQ r /dx) max. , is in the range of 4T/8 -5T/8, and that to (dQ r /dx) min. is T/8. Figure 16 shows the location r/d corresponding to (dQ r /dx) max. and (dQ r /dx) min. , which are plotted against x/d. In the figure, open and solid symbols represent (dQ r /dx) max. and (dQ r /dx) min. , respectively.
We can find that all the data exist in the range of r/d = 0.7 -1.1. The r/d corresponding to (dQ r /dx) max. tends to be larger than that to (dQ r /dx) min. . This suggests that the sweep into the jet is active apart from the jet centre (at larger r/d), and that the injection from the jet is active near the jet centre (at smaller r/d). The x/d effect is not so large, while we can observe that all the values of r/d corresponding to (dQ r /dx) max. and (dQ r /dx) min. tend to increases monotonously and slightly with increasing x/d. This suggests the small streamwise variation in the spatial size of ring vortices. Besides, the St effect seems negligible. This suggests that the spatial size of ring vortices is not important for the optimum St phenomenon concerning the total flow rate.
Amplitude of dQ r /dx
We consider the value of the amplitude of dQ r /dx defined by Eq. (6) . (dQ r /dx) min.
(dQ r /dx) max.
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Next, we consider the St effects on the peak. If we compare the peak values among three St's, we find that the peak value increases with increasing St. It is considered that this tendency is related with the intensification of the ring vortices with increasing St. On the other hand, if we compare the values of x/d corresponding to the peak amplitudes among three St's, we find that the x/d decreases monotonously with increasing St. It is considered that this tendency is related with the promotion of ring-vortex breakdown with increasing St. In such context, it seems difficult to regard the flow with St = 0.20 as a singularity. More specifically, the ring-vortex intensification with increasing St slows down at St ≳ 0.20. Simultaneously, the ring-vortex-breakdown promotion with increasing St slows down at St ≲ 0.20. The maximum-entrainment-flow-rate phenomenon at St = 0.20 is considered to appear on the balance between such two factors in a trade-off relation.
In Fig. 18 , we summarise the location x/d corresponds to the amplitude peaks shown in Fig. 17 . Namely, the x/d is plotted against St, together with the catch-up location of the main ring vortex with the subsidiary ring vortex, and with the coalescence location by Petersen. (6) While the accuracy on the data is not high, the three locations show the same trend as the monotonous decrease with increasing St. In addition, the catch-up location is always in some downstream of the amplitude-peak location, and the coalescence location is always in the downstream of the amplitude-peak location. These relations among the three locations seem coherent, referring to the visualised flows such as Fig. 12. 
Conclusions
Considering both practical importance and experimental accuracy, we have studied the pulsation jet not with a small amplitude, but with an finite amplitude using visualisations with consecutive PIV analyses together with a conditional-sampling technique. Main experiments are conducted at Re = 5.0×10 reveal the optimum St phenomenon on Q . As a result, we have obtained the following. 
